ABSTRACT. The effects on the conceptus of persistently decreased maternal plasma amino acid concentrations were studied in pregnant rats by the infusion of glucagon (0.21 mglday) to the mother from day 14 to 20 of gestation with a subcutaneous, osmotically driven minipump. Controls received diluent. The experimental animals either had normal caloric intake and weight gain, or diminished caloric intake with no weight gain. Both experimental groups exhibited a decrease in plasma total amino acid concentration of approximately 50%. Maternal plasma glucose and insulin concentrations were unaffected except for slight decreases in the low weight gain group. At cesarean section on day 20, fetal weight was unaffected in the normal weight gain group, while the low weight gain animals exhibited intrauterine growth retardation. Fetal plasma glucose and insulin concentrations were unaffected. Despite the marked decrease in maternal plasma total amino acid concentration, fetal plasma total amino acid concentration was unaffected. Individual plasma amino acid concentrations in the normal weight gain mothers and fetuses revealed a spectrum of changes. Some maternal amino acids were decreased by more than 60% (a-aminobutyric acid, asparagine, threonine, glutamine, alanine) while others were unaffected (tyrosine, tryptophan, phenylalanine, histidine). In general, amino acids that were decreased in the mother exhibited no change or a lesser decrease in fetal plasma concentration, while those that were unaffected in the mothers showed increased fetal concentrations. Fetuses from the low weight gain mothers had plasma amino acid ~rofiles that were similar to those of the normal weight gain mothers. We speculate that the preserved fetal amino acid concentrations are due to enhanced placental transport of amino acid secondary to maternal substrate decrease. (Pediatr Res 20: 1071-1076,1986 which are specific for each group of nutrients. In the case of amino acids it has been demonstrated that the placenta is capable of concentrating most amino acids intracellularly in order to achieve transport to the fetus against a concentration gradient (1-4). This results in fetal plasma amino acid concentrations which can be more than three times higher than maternal plasma concentrations (1, 5 , 6).
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ABSTRACT. The effects on the conceptus of persistently decreased maternal plasma amino acid concentrations were studied in pregnant rats by the infusion of glucagon (0.21 mglday) to the mother from day 14 to 20 of gestation with a subcutaneous, osmotically driven minipump. Controls received diluent. The experimental animals either had normal caloric intake and weight gain, or diminished caloric intake with no weight gain. Both experimental groups exhibited a decrease in plasma total amino acid concentration of approximately 50%. Maternal plasma glucose and insulin concentrations were unaffected except for slight decreases in the low weight gain group. At cesarean section on day 20, fetal weight was unaffected in the normal weight gain group, while the low weight gain animals exhibited intrauterine growth retardation. Fetal plasma glucose and insulin concentrations were unaffected. Despite the marked decrease in maternal plasma total amino acid concentration, fetal plasma total amino acid concentration was unaffected. Individual plasma amino acid concentrations in the normal weight gain mothers and fetuses revealed a spectrum of changes. Some maternal amino acids were decreased by more than 60% (a-aminobutyric acid, asparagine, threonine, glutamine, alanine) while others were unaffected (tyrosine, tryptophan, phenylalanine, histidine). In general, amino acids that were decreased in the mother exhibited no change or a lesser decrease in fetal plasma concentration, while those that were unaffected in the mothers showed increased fetal concentrations. Fetuses from the low weight gain mothers had plasma amino acid ~rofiles that were similar to those of the normal weight gain mothers. We speculate that the preserved fetal amino acid concentrations are due to enhanced placental transport of amino acid secondary to maternal substrate decrease. (Pediatr Res 20: 1071 Res 20: -1076 Res 20: ,1986 which are specific for each group of nutrients. In the case of amino acids it has been demonstrated that the placenta is capable of concentrating most amino acids intracellularly in order to achieve transport to the fetus against a concentration gradient (1-4). This results in fetal plasma amino acid concentrations which can be more than three times higher than maternal plasma concentrations (1, 5 , 6) . Maternal substrate limitation, presumably by limiting nutrient transport to the fetus, can lead to IUGR. This has been demonstrated experimentally in models utilizing starvation (7) or ligation of the uterine artery (8) . These manipulations result in nonspecific reduction in the delivery of substrates, including glucose and amino acids, such that the roles of specific substrates remain obscure.
The aim of the present study was to develop a model in which maternal plasma amino acid concentrations are selectively reduced without significant changes in the maternal concentrations of other nutrients. In nonpregnant male rats, a persistent increase in glucagon has been shown to be associated with a decrease in total plasma amino acid concentrations (9) . This is consistent with findings described in patients with glucagonoma syndrome (10, 1 l), and in adults (12, 13) and newborns (14) infused with glucagon. The model is applicable to the study of pregnant animals since glucagon is one of several polypeptide hormones that has been shown not to cross the placenta in animals ( 1 5, 16) and humans (1 7). The present study was based on the hypothesis that a continuous suppression of maternal plasma amino acid concentration would result in decreased fetal concentrations which might produce IUGR, either directly through substrate limitation and/or by impairing fetal insulin secretion (18, 19) . Rather than confirming this hypothesis, we found a potential for augmented placental amino acid transport which is sufficient to maintain normal fetal growth in the face of severe limitation of maternal plasma amino acid concentrations.
Abbreviations MATERIALS AND METHODS

IUGR, intrauterine growth retardation
Twenty-four pregnant CD rats (Charles River Laboratories, ANOVA, one-way analysis of variance Wilmington, MA) were studied. They were received on day 1 1 of gestation and kept in a controlled environment until the completion of the experiment. All animals were fed Purina Rat were treated identically except that the pumps contained only the vehicle, glycerol. Blood was obtained without anesthesia from the tail vein prior to implantation and on days 14 and 17, and before cesarean section on day 20. Cesarean sections were performed on day 20 of gestation under pentobarbital anesthesia. Fetuses were exteriorized one at a time and were exsanguinated by an axillary incision with the fetoplacental unit intact. Placentas were separated from membranes, blotted dry, and weighed shortly after delivery, as were the fetal carcasses. Individual heparinized plasma samples from mothers and fetuses were analyzed.
Plasma glucose concentrations were determined by the glucose oxidase method (YSI Model 23A glucose analyzer, Yellow Springs Instrument Co., Yellow Springs, OH). Plasma immunoreactive insulin concentrations were measured by double antibody radioimmunoassay (Amersham Corp., Arlington Heights, IL) using a rat insulin standard (Eli Lilly and Co., Indianapolis, IN). Plasma immunoreactive glucagon was assayed as previously described on unextracted plasma samples using the 30 K antiserum (20) . Total a-amino nitrogen was determined after Na tungstate precipitation by the method of Satake et al. (21) . Quantitative plasma amino acids were determined by a modification of the method of Lee (22) using a Dionex D-556 analyzer (Dionex Corp., Sunnyvale, CA). Samples for glucagon determination were collected into tubes containing aprotinin (Trasylol; Sigma Chemical Co., St. Louis, MO) at a final concentration of 1000 IU/ml. Plasma for amino acids was deproteinized immediately with sulfosalicylic acid.
Data are expressed as mean + 1 SD or as median and range where noted. Analysis is by ANOVA and a modified Student's t test. Kruskal and Wallis test was used for nonparametric data.
RESULTS
Maternal weight gain ( Fig. 1 top) in the control group was 53 + 1 1 g during the 6 days from implantation to delivery. The experimental animals, as had been observed in our previous study utilizing continuous glucagon excess (9), had highly variable weight gain. They were, therefore, subdivided post hoc into two nonoverlappinggroups. Six animals exhibited normal weight gain over the 6 days (46 + 10 g). The remaining five experimental animals had minimal weight gain or even weight loss (-2 + 13 g) ( p < 0.001). Caloric intake ( Fig. 1 middle) was significantly reduced in this low gain weight group at 373 + 73 kcall6 day ( p < 0.001) compared to 561 + 55 in the controls and 569 + 60 in the normal weight gain experimental group.
Maternal plasma glucagon concentrations were elevated to supraphysiologic levels in the experimental groups at the time of cesarean section (Table 1) ; 690->4000 pmol/ml (median, 2800; p < 0.00 1) for the experimental animals with normal weight gain and 570->4,000 pmol/ml (median, 2700; p < 0.01) for the low weight gain group versus 180-620 pmol/ml (median, 385) in the control animals.
Maternal total plasma a-amino nitrogen concentration ( Fig. 2  top) was comparable in the three groups before glucagon administration: 3.5 1 + 0.6 mM for controls, 3.4 + 0.3 mM for experimental animals with normal weight gain, and 3.2 + 0.5 mM for experimental animals with low weight gain. As expected, hyperglucagonemia was associated with a profound decrease in maternal plasma a-amino nitrogen. On day 3 of the study, control concentration was 3.4 a 0.4 versus 2.0 2 0.5 mM ( p < 0.001) in the normal weight gain group and 1.7 + 0.3 mM ( p < 0.001) in the low weight gain group. On day 6, prior to cesarean section, this reduction persisted: 3.4 + 0.3 mM for controls versus 1.6 + 0.2 mM ( p < 0.001) in the normal weight gain group and 1.8 + 0.2 mM ( p < 0.001) in the low weight gain group.
Maternal plasma glucose concentrations (Table 1) were comparable in the three groups prior to pump implantation and after 3 days of glucagon infusion. On day 20, glucose concentrations in the experimental animals were unaffected in the normal weight Experimental animals were divided into two groups. The glucagon-treated rats (closed circles) whose weight gain over the 6-day experimental period fell within the range of control animals were designated as the normal weight gain group. In contrast, those treated animals (closed triangles) whose weight gain fell below that range were designated as the low weight gain group. Caloric intake was 33% lower in animals with low or no weight gain ( p < 0.00 1). gain group and slightly, but significantly, decreased in the low weight gain group. Maternal plasma insulin concentrations (Table I) followed a similar pattern, with no differences between groups except for a slight decrease in the low weight gain animals.
At cesarean section, litter size was comparable in the three groups: controls, 1 1 5 2; normal weight gain experimentals, 12 + 2, and low weight gain experimentals, 12 + 1.
Fetal plasma glucose concentrations (Table 1) were unaffected. Fetal insulin concentrations (Table 1) in both experimental groups were not different from controls.
Fetal weight (Fig. 1 bottom) In contrast to the marked decrease in the maternal plasma aamino nitrogen concentrations associated with maternal hyperglucagonemia, fetal plasma a-amino nitrogen concentrations (Fig. 2 middle) were maintained in both experimental groups (7.8 + 1.0 mM in the normal weight gain experimental group and 8.4 + 1.4 mM in the low weight gain experimental group versus 9.2 + 2.0 in controls). There was, therefore, an increase in the calculated fetomaternal ratios in both experimental groups: controls, 2.6 k 0.5; normal weight gain, 5.3 k 1.3 ( p < 0.001 versus controls); and low weight gain, 4.7 f 1.5 ( p < 0.00 1).
Quantitative individual amino acid concentrations in maternal plasma at cesarean section for control and normal and low weight gain experimental rats (Table 2) were used to calculate the percent change from mean control concentrations (Fig. 3) . The results revealed a spectrum of changes in the effects of hyperglucagonemia on individual amino acids which was similar to the results obtained previously in young male rats (9) . Some amino acids exhibited profound decreases (a-aminobutyric acid, 7 1 % reduction from controls; asparagine, 68%; threonine, 66%; glutamine and alanine, 63%) while only tyrosine, tryptophan, phenylalanine, and histidine were unaffected. Reductions were consistent between animals and all amino acids which were decreased by more than 20% were significantly different from controls, with the exception of glutamic acid which was not significant.
The corresponding quantitative fetal plasma amino acid concentrations for normal weight gain experimental rats, expressed as percent change from the mean control concentrations (Fig.  3) , exhibited a striking relationship to the maternal results. Amino acids that showed the greatest decrease in the mothers were also decreased in the fetuses. Those that were unaffected in the mothers showed a significant increase in the experimental fetuses. Amino acids for which the effects were intermediate were affected variably in the fetuses.
In the low weight gain group, the amino acid profile was very similar to the normal weight gain group with the following exceptions (See Table 2 ). In the maternal plasma, a-aminobutyric acid, glycine, taurine, valine, and methionine were significantly reduced in the normal weight gain group and not in the low weight gain group. Phenylalanine, unchanged in the normal weight gain group, was significantly elevated in the low weight gain group. In fetal plasma, some amino acids that were not affected in the normal weight gain group were significantly reduced in the low weight gain group, i.e. aspartic acid, cystine, leucine, and arginine; two that were reduced in the normal weight gain group, glycine and a-aminobutyric acid, were unchanged, as well as histidine that was significantly elevated in the normal weight gain group. Taurine and lysine, which were unchanged in the normal weight gain group, were significantly elevated in fetal plasma from mothers with low weight gain.
DISCUSSION
The primary objective of this study was to examine the effects of maternal hypoaminoacidemia on the conceptus utilizing a model of persistent maternal hyperglucagonemia. This was accomplished because there was an observed decrease in maternal plasma a-amino nitrogen of approximately 50%. The pattern of the amino acid profile in the mothers is similar to that seen in the glucagonoma syndrome (10, 11) with alanine and arginine being greatly reduced and phenylalanine unchanged. This is consistent with our previous findings in nonpregnant rats (9) . Also accompanying the maternal hyperglucagonemia was a variable effect on food intake and weight gain. With the supraphysiologic dose of glucagon used, five of the experimental animals showed diminished food consumption and, consequently, low weight gain when compared to controls. Glucagon may exert a direct effect on appetite by functioning as a satiety signal (23) (24) (25) or by inhibition of gastrointestinal motility (26) (27) (28) . The hypothesis that the former effect is mediated through the level of glycemia (25) is not supported by either the present study or our previously published data (9) . Whatever the reason for the decreased food intake, the effect was variable. This allowed the division of the experimental animals into two nonoverlapping groups, one with normal weight gain and the other with minimal weight gain or weight loss.
Maternal plasma glucose did not change in the normal weight gain experimental animals throughout the study, apart from the normal decline seen with the progression of gestation (29, 30 ). An expected decrease was seen in the low weight gain experimental animals. Fetal plasma glucose was comparable in all three groups despite maternal caloric restriction in the latter. In the mothers, plasma insulin concentrations paralleled changes in glucose concentration. By contrast, there was a slight but not significant decrease in fetal insulin concentrations in both experimental groups. In the normal weight gain group, there is no direct explanation for this effect. Although amino acids, espe- cially branched-chain amino acids, have been demonstrated to ISOLEUCINE play a critical role in fetal pancreatic development (31), fetal branched-chain and total amino acid concentrations were unchanged. What cannot be ruled out is a decrease in the net flux of certain critical amino acids to the fetus. The slight decrease in fetal insulin concentration seen in the low weight gain group can be viewed similarly, although this is an expected finding based on previous studies utilizing maternal starvation (32) .
Fetal weight was unaffected in the normal weight gain group of others (7, 32, 33) . The absence of IUGR in the normal weight expressed as percent change from controls. gain experimental group is interpreted as indicating a compensatory mechanism which, based on our results, is probably intrinsic to the placenta. Despite a net decrease of approximately 50% in maternal total amino acid concentration, fetal total amino acid concentration was unchanged. This could be due to decreased fetal amino acid utilization, although this seems unlikely in the absence of IUGR. A more tenable hypothesis is that placental transport of amino acids increased such that availability to the fetus was maintained. Such an increase in transport could be secondary to increased placental blood flow or induction of placental amino acid transport systems.
The essential amino acids for the growing rat are the same as for man, with the addition of arginine, asparagine, glutamic acid, proline, and tyrosine (34) . In Figure 4 we have represented how the essential amino acids are affected in both the normal weight gain group (upper panel) and low weight gain group (lower panel). Two amino acids that are greatly reduced in the mother, asparagine and threonine, are reduced the most in the fetal plasma in the normal weight gain group. Arginine and proline reduced in the mothers are unchanged in the fetal plasma. Amino acids with moderate reduction in maternal plasma do not change in fetal plasma, but those not reduced in the maternal plasma are generally present in higher concentrations in the fetal plasma.
The low weight gain group exhibits subtle differences from the normal weight gain group. It is important to note that this group has only partial self-deprivation for food, rather than total starvation. This 33% reduction of intake resulted in a decrease in the fetal weight. The amino acid pattern did not resemble that described in rats which were subjected to 96 h of starvation (32) . In the latter, maternal plasma amino acid concentrations of some essential (branch chain, histidine) and nonessential (taurine, ornithine) amino acids are highly augmented. The concentration of these amino acids are concomitantly increased in the fetuses with the exception of histidine that is reduced and valine that is only moderately elevated. Although threonine has been postulated to play an important role in fetal growth retardation ( 3 3 , in our studies threonine was reduced approximately 50% in both groups, the normal and low weight gain, only one of which had IUGR.
The present model uniquely dissociates maternal plasma substrate concentrations in contrast to prolonged maternal starvation which affects multiple nutrients. Chronic administration of glucagon produced persistent low maternal plasma amino acids without affecting plasma glucose concentrations. Furthermore, fetal glucose and insulin concentrations were unaffected. It is unlikely that the glucagon or maternal amino acid changes affect placental blood flow. The preserved fetal amino acid concentrations must be secondary to enhanced placental transfer. Studies in other tissues have shown increased cellular uptake and transport of amino acids to be substrate-dependent (36) . We speculate that a similar process occurs in placental cells.
